The molecular structure of the genome of simian herpes B virus (SHBV) was determined by restriction endonuclease mapping studies. Genomic DNA was cleaved with restriction endonucleases BamHI and Sail into 41 and 58 fragments, respectively. Most of these fragments were cloned into the plasmid vector pACYC184; uncloned fragments were identified following isolation from agarose gels. Terminal fragments were identified by exonuclease digestion and radioactive end-labelling, and linkage of fragments was deduced by a combination of single and double digest experiments and cross-blot hybridizations. The genome is larger than that of herpes simplex virus type 1 (HSV-1), being approximately 165 kilobase pairs. Like that of HSV-1, the SHBV genome is composed of a long and a short unique region each flanked by inverted repeat sequences, which allow the unique regions to invert relative to one another, resulting in four possible isomeric arrangements of the molecule. Genome locations of several SHBV genes were compared with their HSV-1 homologues.
Introduction
Simian herpes B virus (SHBV), also known as B virus (Sabin & Wright, 1934) and cercopithecine herpesvirus 1 (Whitley, 1990) , is a pathogen of certain primates, being particularly prevalent in the macaque genus (Keeble, 1960; Orcutt et al., 1976) . It is the only herpesvirus isolated from non-human primates found to be highly pathogenic for humans (Whitley, 1990) and it has recently been demonstrated that the virus can be transmitted from human to human (Anonymous, 1987; Holmes et al., 1990) . In humans the disease is characterized by an ascending myelitis and/or encephalitis which is almost invariably fatal (Ludwig et al., 1983) .
SHBV and herpes simplex virus type 1 (HSV-1) exhibit striking antigenic cross-reactivity which makes serological distinction extremely difficult (van Hoosier & Melnick, 1961; Aeda et al., 1968) . However, the two viruses can be differentiated by restriction enzyme analysis (Hilliard et aL, 1986; Wall er al., 1989) ; distinction between the two viral genomes at the DNA level consequently has medical implications. Our aim was to determine the structure of the SHBV genome and compare its organization with that of HSV-1.
The genome structures of HSV-1 (Wilkie, 1976; Goldin et al., 1981) and HSV-2 (Cortini & Wilkie, 1978) , together with those of a number of other herpesviruses, including pseudorabies virus (Ben-Porat et al., 1979) , and human cytomegalovirus (HCMV) (Weststrate et al., 1980) , have been analysed by restriction endonuclease mapping. The genomes of HSV-1, HSV-2 and HCMV comprise a long unique (UL) and a short unique (Us) sequence each flanked by inverted repetitions which allow the unique regions to invert relative to one another, resulting in four possible isomeric arrangements of the molecule (Roizman, 1979a, b; Roizman et al., 1979; Goldin et al., 1981) .
This paper reports the construction of physical maps of the SHBV genome for BamHI and SalI, following single and double digestion of recombinant plasmids, together with cross-blot hybridizations. The genome organization of SHBV was compared with that of HSV-1 and the locations of a number of homologous genes were determined.
Methods
Cells and virus. Vero cells were grown in Eagle's MEM supplemented with 5% foetal calf serum. The SHBV strain was an oral isolate from a cynomolgus monkey (Vizoso, 1975) , designated a prototypic virus by Wall et al. (1989) . The virus was plaque-purified on monolayers of Vero cells and virus stocks were prepared by infecting Vero cells in a 20 oz roller bottle with plaque-purified virus at an m.o.i, of about 1 : 300.
Northumbria Biologicals was used as the host for transformation with recombinant plasmids.
The HSV-1 library (Davison & Wilkie, 1983) , comprising KpnI fragments of HSV-1 DNA (Glasgow strain 17) cloned into the PstI site of plasmid vector pAT153 (Twigg & Sherratt, 1980) , was obtained from Dr J. Oram, CAMR, Porton Down, Salisbury, U.K.
Virus DNA preparation. DNA was extracted from SDS-phenolinactivated cultures according to the method of Lonsdale (1979) .
Restriction enzyme digestion and agarose gel electrophoresis. Restriction enzymes were used in accordance with the manufacturer's instructions (Boehringer). Digestion products were subjected to electrophoresis in horizontal agarose slab gels in Tris-acetate buffer (Maniatis et at., 1982) at a constant 40 V overnight. Low melting point (LMP) agarose gels (Bethesda Research Laboratories) were used to separate DNA fragments required for probe preparation.
Construction of recombinant plasmids. BamHI and Sail restriction fragments of SHBV DNA were inserted into unique BamHI and Sail sites of pACYC 184 (Chang & Cohen, 1978) by the following procedure. SHBV DNA was digested to completion with BamHI or Sail. Thirtyfive ng of similarly treated pACYC184 was combined with 150 ng of digested SHBV DNA in 20 ktl of ligation buffer (2 Ixl of 10 × stock; 1 MTris-HC1 pH 7-5, 0.2 M-MgC12, 0.5 M-NaCI, 0-01 M-DTT, 0.01 M-ATP). One unit of T4 DNA ligase (BCL) was added and the reaction mixture incubated overnight at 16 °C.
Transformation of bacteria. Ligated recombinant plasmids were introduced into competent E. coli strain HBI01 according to the transformation procedure described by the manufacturer. Aliquots (0.1 ml) of cells were plated onto LB agar (Miller, 1972) containing chloramphenicol (30 ~tg/ml) to select for cells containing pACYC184. Cells containing recombinant plasmid were screened by their sensitivity to tetracycline (15 ~tg/ml) in LB medium.
Screening of recombinant plasmids for SHB V sequences. Recombinant plasmids were analysed by a rapid alkaline lysis extraction of the plasmid DNA (Birnboim & Doly, 1979) followed by restriction enzyme digestion and agarose gel electrophoresis. Specific BamHI and SalI fragments were identified by comparing their mobilities with fragments resulting from BamHI, Sail or BamHI/SalI digestion of SHBV genomic DNA subjected to electrophoresis in the same gel.
DNA probe preparation and cross-hybridization studies. DNA fragments were excised from LMP agarose gels, following digestion with the appropriate restriction endonucleases. DNA fragments were labelled with [ct-32p]dCTP (Amersham) by extension of random hexamer primers (Feinberg & Vogelstein, 1983) , using a random primed DNA labelling kit (BCL) according to the manufacturer's instructions. Labelled DNA fragments were used to probe genomic digests of SHBV DNA employing the technique of Southern blotting (Southern, 1975) . DNA was transferred to Hybond-N paper (Amersham) using a Vacublot apparatus (Pharmacia LKB). 32p-labelled SHBV or HSV-1 probe DNA was hybridized to filters by shaking in 20 ml hybridization fluid (0.27 M-NaC1, 0'015 MNaH2PO4, 0-1 M-EDTA, 0.5% dried milk, 1-0% SDS, 6-0% polyethylene glycol 8000) at 65 °C overnight. Stringent washing of the filters following hybridization allowed 30% mismatch between probe and target sequence. The filters were dried and exposed for 4 h or overnight to Hyperfilm (Amersham) using Kodak intensifying screens. and extracted with buffered phenol. The DNA was precipitated with ethanol prior to treatment with restriction endonucleases. SHBV DNA (2 p.g) was end-labelled using [y-32p]ATP (180 ttCi in 0.05 M-imidazole chloride pH 6.6, 0-01 M-MgC12, 0.005 M-DTT, 0.005 M-ADP, 50 ktg/ml BSA, 20 units T4 polynucleotide kinase) for 60 rain at 37 °C, and the reaction was stopped using 1 ktl 0.5 M-EDTA (Ausubel et al., 1987) . The DNA was extracted with buffered phenol and precipitated twice with ethanol, before resuspension in 10 Ixl TE buffer. Two ktl aliquots were digested with BamHI, Sail and BamH1/SalI and subjected to electrophoresis through an 0.8% agarose gel, alongside end-labelled M~ markers. The gel was dried on a Bio-Rad Model 443 gel dryer and exposed to Hyperfilm (Amersham) at -70 °C for 48 h in the presence of intensifying screens.
Identification of terminal fragments
The above method was used to label all fragments in a genomic digest of SHBV DNA (Fig. 1) ; DNA was digested with the appropriate restriction endonucleases prior to end-labelling.
Results

Analysis of BamHI and SalI restriction digests
BamHI and SalI were selected for initial physical mapping studies because of the relatively low numbers of cleavage sites in the genome and because the fragments generated were clearly separated following agarose gel electrophoresis. It was not until cloned genomic libraries were constructed and cross-hybridization studies commenced that it became apparent that the number of fragments far exceeded the original estimate of 20 to 30. The D N A fragments were assigned letters in alphabetical order in descending order of Mr ( Fig. 1 , Table 1 ). The size of each restriction fragment was determined by comparison with D N A markers of known molecular size.
The relative molarity of each band was calculated from fractional masses of D N A per band determined via densitometric analysis (data not shown) using an Ultroscan XL laser densitometer (Pharmacia LKB). The molarities corresponded well with those predicted from the physical maps ( 
Identification of terminal fragments of SHB V DNA
Terminal fragments were identified by two methods. In the first, D N A was incubated with exonuclease III (a 3' exonuclease) or Bal 31 (a 3' and 5' exonuclease which contains single-stranded endodeoxyribonuclease activity) and then digested with BamHI or SalI; similar results were obtained with both enzymes. In the second, genomic D N A was end-labelled with [~,-32p]ATP prior to digestion with restriction enzymes. Following exonuclease digestion (Fig. 2a) , SalI fragments c and d disappeared and there was a decrease in intensity of the SalI efgh cluster. The BamHI fragments affected by exonuclease III digestion were BamHI 1, r, a' and c'.
Restriction endonuclease digestion of 32p-end-labelled SHBV D N A resulted in the labelling of SalI fragments c, d and h, together with BamHI fragments f, 1 and c' (Fig.  2 b) . Double digestion of end-labelled D N A with BamHI plus SalI resulted in the labelling of two fragments 2.1 kb (BamHI c') and 5.7 kb (SalI h) in length.
Identification of recombinant plasmids
Many restriction fragments were of a similar size and could not be resolved by electrophoresis. However, these comigrating fragments could be distinguished by double digestion with BamHI plus SalI to produce a distinctive pattern for each recombinant plasmid. Labelling of the SHBV insert D N A within the recombinant plasmid using 32p and hybridization to Hybond-N blots of BamHI-, SalI-and BamHI/SalI-digested SHBV D N A confirmed the identity of the cloned insert (Fig. 3) .
Additional probes were prepared by directly excising all BamHI and SalI fragments t-2 kbp or larger, from LMP agarose gels. These radiolabeUed probes provided additional cross-hybridization data, allowing the identification of any fragments greater than 1.2 kbp absent from the library ( Table 1) .
Construction of restriction map
The identification of submolar fragments by densitometric analysis (data not shown) suggested the SHBV genome existed in more than one isomeric form. Data obtained from exonuclease digestion (Fig. 2a ) and endlabelling ( Fig. 2b ) experiments confirmed this observation as more than two terminal fragments were discovered. Two fragments were labelled following double digestion of end-labelled SHBV D N A with BamHI/SalI (Fig. 2b) . This confirmed that the SalI h (5.7 kbp) and BamHI c' (2.1 kbp) fragments were terminally located in all four isomeric forms of the molecule and occurred at opposite ends of the genome.
Densitometric analysis of the SHBV genome revealed sizing of those regions containing the repetitive sequences.
Restriction fragments excised from genomic digests or from recombinant plasmids were cross-hybridized to genomic digests of SHBV D N A (Fig. 3) . The autoradiograms in Fig. 3 demonstrate the approach adopted in the mapping strategy: the cloned fragments used as probes in autoradiograms 3(a) and 3(b), i.e. BamHI p and q shared identity with SalI fragments 1, t and e, h', respectively. The precise orientation of the fragments could be deduced by restriction enzyme analysis of the appropriate recombinant. These two BamHI fragments were thought to represent the two fragments which migrated to 4.1 and 4-2 kbp in a genomic digest (Fig. 1) . However, when these fragments were excised from agarose gels for use as hybridization probes, the presence of a third fragment was revealed. The probe used in Fig.  3 (c) produced a hybridization pattern consistent with a probe containing both fragments BamHI p and q. Fig.  3 (d) revealed the presence of a third fragment in this cluster, identified as BamHI o, which was shown to share identity with SalI fragments u and b'; their orientation could be determined via double digestion with BamHI and SalI.
Collation of data from the above experimental results allowed the construction of physical maps for BamHI and SalI (Fig. 4) . The total length of the SHBV genome was calculated to be 165.2 kbp.
Identification of HSV-1 homologues in the SHB V genome
SHBV and HSV-1 are closely related antigenically (van Hoosier & Melnick, 1961; Aeda et al., 1968) which suggests they possess significant similarity at the D N A level.
Recombinant plasmids containing KpnI fragments of HSV-1 DNA (Davison & Wilkie, 1983) provided DNA probes for the identification of homologous DNA within the SHBV genome. The KpnI inserts were digested with restriction endonucleases to remove foreign DNA sequences flanking the gene of interest. The resulting fragments were subsequently excised from LMP agarose gels and labelled with 32p for use in hybridization experiments. Hybridization probes were prepared containing DNA sequences from the following HSV-1 genes: UL19, UL27, UL30, UL39, UL40 (McGeoch et al., 1988) , US6, US7, US8, US9 and US10 (McGeoch et al., 1985) ( Table 2 ). Homologues of each gene were found within the SHBV genome (Table 2) ; genes mapping within UL were collinear with their HSV-1 homologues (Fig. 5a ), whereas gene location within Us was more diverse (Fig. 5b) . The utility of synthetic oligonucleotides for the detection of genes highly conserved within the alphaherpesviruses was demonstrated using the thymidine kinase (TK) gene (data not shown). N icolson et al. (1990) have compared the nucleotide sequences of the TK gene from a number of different herpesviruses (Robertson & Whalley, 1988; Honess et al., 1989; Mittal & Field, 1989; Scott et al., 1989) and reported several highly conserved regions. Using these data a synthetic oligonucleotide 33 nucleotides in length, 5' CGCCCCGGCGAGCG-GCTTGACCTGGCCATGCTG, was synthesized in a Beckman 200-A DNA synthesizer by phosphoramidite chemistry. This oligonucleotide bound to TK genes within digests of HSV-1 genornic DNA and plasmid pHSV-106 (McKnight & Gavis, 1980) . The oligonucleotide probe bound to two fragments within genomic digests of SHBV DNA: BamH1 fragment n and Sail j (data not shown). These two fragments were collinear with HSV-1 DNA fragments containing the TK gene (gene UL23) (Fig. 5a) . 
Discussion
SHBV and HSV can be differentiated by restriction endonuclease analysis (Hilliard et al., 1986; Wall et al., 1989) ; furthermore, SHBV isolates from rhesus monkeys (Macaca mulatta) can be differentiated from those of cynomolgus monkeys (M. fascicularis) on the basis of differences in their respective restriction profiles (Wall et al., 1989) . The SHBV isolate studied in this work was an oral isolate from a cynomolgus monkey (Vizoso, 1975) . Recombinant plasmids were constructed containing restriction fragments representing most of the SHBV genome. The use of recombinant plasmids as hybridization probes avoids the discrepancies which can arise when DNA fragments excised from agarose gels are employed as radiolabeUed probes; such probes may incorporate mixtures of fragments having similar electrophoretic mobilities (Fig. 3) (Weststrate et al., 1980) . However, when relying solely upon recombinant plasmids some restriction fragments may be absent from a library if the precise number of fragments within a cluster of fragments of similar electrophoretic mobility is obscured. DNA fragments smaller than 1.2 kbp were difficult to excise from agarose gels for use as probes owing to the large number of small fragments possessing the same Mr; these fragments may consequently be missing from the restriction map. Interpretation of data and construction of the map were complicated by the large number of restriction fragments involved, particularly where several fragments were of the same size. The regions containing repetitive sequences could not be accurately sized by employing the chosen restriction enzymes, and analysis using additional enzymes would be required to provide more accurate data.
Physical mapping of the SHBV genome indicated its organization to be analogous to those of HSV-1 and HSV-2, comprising a UL joined to a Us region, both flanked by repetitive sequences (Roizman, 1979a, b) . The SHBV genome is 165.2 kbp in length with the Us sequence being 32-4 kbp. Our data suggest that the SHBV genome, in common with HSV-1 and HSV-2, can exist in four isomeric forms. The production of physical maps of the SHBV genome (Fig. 4) facilitates the study of genetic relationships among the herpesviruses. The cross-species probing experiments demonstrated the degree of similarity between the HSV-1 and SHBV genomes, as homologues were found within the SHBV genome for each of the HSV-1 genes employed as hybridization probes (Table 2 , Fig. 5a and b) . By using this approach several viral functions and specific polypeptides could be related to defined regions of the SHBV genome. The degree of collinearity between genes located within the UL segments of HSV-1 and SHBV suggests that it should be possible to predict many gene locations on the basis of existing knowledge of the HSV-1 genetic organization. Nucleotide sequence similarity was also demonstrated by the identification of the TK gene within the genomes of both HSV-1 (gene UL23) and SHBV, using a synthetic oligonucleotide designed using DNA sequence data from conserved sequences within the TK gene of the alphaherpesviruses. Buckmaster et al. (1988) showed genes located within the UL regions of HSV (McGeoch et al., 1988) , varicellazoster virus (VZV) (Davison & Scott, 1986 ) and Marek's disease virus (Buckmaster et al., 1988) to be remarkably collinear, whereas gene location within Us was more diverse (Ross & Binns, 1991 ; . Similarly, in SHBV the genes which mapped within UL were collinear with their HSV-I counterparts (Table 2, Fig. 5a ), whereas a gene rearrangement or recombination event may have occurred within Us (Fig. 5b) ; glycoprotein genes D, I and E were shown to be located next to each other as are their HSV counterparts, designated US6, US7 and US8 (McGeoch et al., 1985) . SHBV homologues of HSV US9 and HSV US10 were located upstream of the glycoprotein genes, at approximately the equivalent position of HSV US3 (Fig. 5 b) . Homologues of HSV US9 and HSV US10 were both located within SHBV BamHI fragment r; this fragment was found to share regions of similarity with BamHI f and 1, and SalI a, b and h which incorporate the inverted repeats flanking Us (IRs and TRs) (data not shown). This suggests recombination events may have occurred involving the completely homologous sequences within the repeats and the sequences within Us possessing more limited similarity. This would result in a relocation of the SHBV homologues of HSV US9 and HSV US 10 to the opposite end of Us, in a manner analogous to the explanation outlined by Davison & McGeoch (1986) when they compared the evolutionary relationship between genes in the short segments of HSV-1 and VZV DNA.
The observations in this paper demonstrate the genome organization of SHBV is analogous to those of the other herpesviruses, with the short segment exhibiting regions of least identity. The similarities in genome organization, particularly the extent of DNA identity between several genes, suggest SHBV and HSV diverged from a common ancestor during the evolution of the present day herpesviruses.
